We investigated the magnetic and electrical properties of a heavy-ion irradiated single crystalline iron film. A high quality Fe (001) film on MgO (001) was fabricated using the molecular beam epitaxy technique. The iron film was treated by 3.2 MeV Ni ion irradiation at room temperature using a tandem accelerator. Although the residual electrical resistivity increased by 0:9 Â 10 À8 m after ion irradiation, the M-H curves did not change significantly. These results indicate that the formation of small irradiation defects such as sub-nanometer size vacancy clusters has little influence on magnetocrystalline anisotropy and the magnetization process of iron.
Introduction
The effects of irradiation on the magnetic properties of ferromagnetic materials have attracted plenty of attention for use in several fascinating applications of irradiation technology. Ion beam irradiation produces various kinds of lattice defects within materials, which induce changes of magnetic thin films characteristics. 1) We are thus able to control the local magnetic properties of the irradiated areas. It should also be considered that the magnetic properties would reflect the formation of irradiation lattice defects, which is also interesting for use in various applications. It has been reported that magnetic nondestructive evaluation (NDE) may be used to evaluate irradiation embrittlement of nuclear reactor vessels. [2] [3] [4] [5] This application utilizes changes in magnetic properties because of the formation of irradiation defects. For neutron irradiation of bulk iron, magnetic hysteresis parameters increase by the formation of large dislocation loops. 3, 6) No report exists that clarifies the underlying mechanism and this is essential for establishing a reliable magnetic NDE technique. High energy heavy ion irradiation has several advantages in simulating the damage induced by neutron irradiation. 7) It causes cascade damage within materials and irradiated specimens are handled easily because they are not radioactive. On the other hand, the short penetrating depth of ion irradiation causes non-homogeneous damage, which is disadvantageous for the precise evaluation of materials characteristics. The irradiation of thin films enables us to overcome this difficulty. In addition, for simplification of analysis, the use of single crystals is favorable since complicated crystalline interface effects are avoided. The purpose of this preliminary work is to investigate the magnetic and electrical properties of heavyion irradiated iron using a single crystalline film, and to discuss the effects of irradiation defects on its magnetic properties.
Experimental Procedures
A single crystalline iron film was prepared using the molecular-beam epitaxy technique. A single crystalline MgO(001) substrate (size; 20 mm Â 20 mm Â 0:5 mm) was annealed at 873 K in an ultra-high vacuum chamber and then a 5 nm MgO film was deposited by an electron-beam at room temperature in order to avoid carbon contamination. Subsequently, 30 nm of iron was evaporated at room temperature and then annealed at 773 K for 1 h. The base pressure of the chamber was 3 Â 10 À8 Pa and the pressure during deposition was kept higher than 10 À6 Pa. The deposition rate was about 0.04 nm/s to realize a precise thickness and high quality film. The crystalline structure was evaluated by in-situ reflection high-energy electron diffraction (RHEED). 8) After film preparation, the specimen was cut into small pieces along the cleavage surface of MgO. One was for a resistivity measurement (10 mm Â 1:6 mm) and the other was for a magnetic measurement (3 mm Â 1:6 mm). A picture of the resistivity specimen is shown in Fig. 1(a) . Regarding the preparation for resistivity measurements, four electrode gold pads were deposited on the iron films and silver wires were attached to the pads using silver paste. Opposite ends of the silver wires were soldered to the terminal bases. The specimen was placed in the small solenoid coil and mounted on the head of a cryo-refrigerator. The resistivity was measured by the direct current four points method from 15 to 295 K in steps of 20 K. For each measurement, a constant current of 5 mA was applied reversibly to remove the thermoelectric power effect and the measured voltages were averaged. The measurement was performed in a demagnetized state and also under a magnetic field of 2.8 kA/m from the solenoid coil. In this study, the resistivity at 15 K was regarded as the residual resistivity.
3.2 MeV Ni 3þ ion beam irradiation was applied using a tandem accelerator at the Research Institute for Applied Mechanics. Because of the thin film thickness of 30 nm, almost all the Ni ions pass through the iron layers to the MgO substrate. Therefore, the effect of residual Ni ions on magnetic and electrical properties can be excluded. In this work, the irradiation was performed at room temperature to produce defects of small size. The total irradiation fluence was 6:4 Â 10 18 ions/m 2 . The displacement damage at a depth of 30 nm was estimated to be 0.34 dpa from a SRIM (Stopping and Range of Ions in Matter) calculation using a threshold energy of 40 eV. 9) No specimen heating occurred during irradiation. Figure 1 (b) shows a picture of the specimen, which was used for resistivity measurement, attached to the holder before irradiation. All the surfaces except the area between the inner electrode pads (3 mm Â 1:6 mm) were masked from the ion beam by thin aluminum foils. For the specimen that was used for the magnetic measurement, all the surfaces were irradiated without masking.
After irradiation, the resistivity was measured again using the same specimen and the same method as in the experiment before irradiation. For the magnetic measurement, another unirradiated specimen was used that was cut from a position adjacent to the irradiated specimen. M-H hysteresis curves were obtained using a vibrating sample magnetometer (VSM) at room temperature. The maximum magnetic field was about 150 kA/m. At a low applied field, sampling points were increased for the precise evaluation of coercive force. The magnetic field was applied in two directions, ½100 Fe and ½110 Fe , to investigate magnetocrystalline anisotropy. Terminal base Au pads Fig. 1 Pictures of the specimen used for resistivity measurements and the holder used for the irradiation experiment.
Results
Effects
of a single crystalline iron film with a smooth surface and of high quality was achieved.
8) Figure 3 shows the temperature dependence of resistivity before and after irradiation. The residual resistivity of the unirradiated specimen is relatively large, which is mainly caused by electron scattering at the surface and the interface between the film and the substrate. 10) After irradiation, the residual resistivity increased, which suggests that irradiation lattice defects, scattering sources of electrons, were newly formed within the film. The difference between the resistivity with and without a magnetic field was small so the resistivity increase mainly reflects a change in electron scattering due to irradiation defects and not to a change in magnetic properties. and (f) also do not change drastically. The coercive force, a typical parameter reflecting the impedance of the magnetic domain wall motion by lattice defects, [11] [12] [13] is almost the same within experimental error.
Discussion
Defect microstructures of pure iron irradiated near room temperature have been investigated by several groups. [14] [15] [16] [17] The formation of small dislocation loops was confirmed by TEM observation after the irradiation (0.3-0.4 dpa) of neutrons and 590 MeV protons at 320 K. 14) In both irradiations, the size and density of the loops were 3-5 nm and to the order of 10 21 -10 22 m À3 respectively. Although the loop character was not analyzed using TEM, it would probably be an interstitial type. 14) On the other hand, positron annihilation spectroscopy (PAS) is another powerful tool to examine defect structures especially for a vacancy type. M. Eldrup et al. systematically investigated the defects of pure iron neutron-irradiated at 320 K using PAS, TEM and a conductivity measurement. 15) At a dose of 0.23 dpa, subnanometer vacancy clusters (roughly 10 vacancies) with a density to the order of 10 24 m À3 were observed in addition to the formation of interstitial clusters. Electrical conductivity decreased by about 15% at room temperature, which corresponds to the increase of resistivity by 1:8 Â 10 À8 m. Since the density of vacancy clusters was much higher than that of interstitial clusters, the increase in resistivity is mainly due to the formation of vacancy clusters. In this study, the irradiation-induced resistivity of 0:9 Â 10 À8 m was estimated from Fig. 3 , which is in the same order as the above result. In the case of the thin specimen, large amounts of interstitials probably move to the specimen surface because of the high mobility of interstitials. This behavior has been commonly observed as a denuded zone near the surface region of foil specimens under high voltage electron irradiation. The estimated depth of this region at room temperature is around 30 nm for pure iron.
18) Considering these results, it is plausible that large amounts of subnanometer size vacancy clusters formed in the present iron film, which led to an increase in resistivity.
Contrary to the resistivity, a detectable change was not confirmed in M-H curves. One possible reason may be described as follows: The impedance of the magnetic domain wall motion effectively occurs when the size of the defects approaches the same order of magnitude as the domain wall width. 12, 19) The width of the domain wall (Bloch wall) in bulk iron is estimated to about 40 nm 10) whereas the actual width of the present iron film would be larger than that of the bulk. As specimen thickness decreases, the magnetostatic energy of the wall increases as a result of free poles at the specimen surface. Thus, the rotation plane of the spins would change from out-of-plane to in-plane of the surface to minimize the magnetostatic energy. 11, 12) A transition from the Bloch wall (out-of-plane rotation) to a so-called Néel wall (in-plane rotation) was observed when the thickness of the film decreased to below the range of the Bloch wall width. 20) The width of the Néel wall was experimentally determined to be about 200 nm at the iron whisker surface. 21) Although the exact domain wall width is unknown, a large Néel wall width of the present 30-nm iron film would result in an insensitivity of the magnetic properties. Future work on magnetic measurements, varying film thickness and defect size, will clarify the mechanism in detail.
This study demonstrates the feasibility of adopting single crystalline films to investigate the effect of irradiation defects on magnetic properties for the first time. Further systematic work using single crystalline films and ion irradiation will guides us toward a deeper understanding of the relationship between irradiation defects and magnetic properties, which is a key to establishing a reliable magnetic NDE for irradiation embrittlement.
Conclusions
Magnetic and electrical properties of a Ni ion irradiated single crystalline iron film were investigated. The residual resistivity increased upon ion irradiation possibly because of the formation of sub-nanometer size vacancy clusters. These defects did not have a large influence on the magnetocrystalline anisotropy and coercive force of the iron film. 
